The capacity of a membrane biological reactor to provide nitrification, denitrification, and enhanced biological phosphorus removal of a high-strength aquaculture backwash flow (control condition), or the same flow amended with 100 mg/L of NO 3 -N and 3 mg/L of dissolved P (test condition), was assessed using only endogenous carbon. Permeate TSS and cBOD 5 concentrations were <1 mg/L under control and test conditions, achieving 99.97-100% removal efficiencies, respectively. Permeate TN concentrations were 1.8 ± 0.5 mg/L and 2.1 ± 1.4 mg/L, while permeate TP concentrations were 0.05 ± 0.01 mg/L and 0.10 ± 0.03 mg/L, respectively, under control and test conditions. Our findings suggest that permeate flow could be reclaimed to recycle alkalinity, salts, and heat for fish culture and that the waste activated sludge does not produce metals concentrations that would prevent its land application (reclaiming phosphorus) or prevent its use as a protein source in animal feeds.
Introduction
Fish culture utilizing water recirculating aquaculture system (WRAS) technology allow for a high degree of water reuse and waste capture. Waste collected with solids capture processes must be backwashed or flushed from the WRAS, which represents a relatively small volume of concentrated effluent (Chen et al., 1997) . Facilities with WRAS technology must further treat and dispose of the waste biosolids contained in these backwash/flushing flows. Gravity thickening settlers (Henderson and Bromage 1988; Bergheim et al. 1993 Bergheim et al. , 1998 Chen et al. 1997 Chen et al. , 2002 Brazil and Summerfelt, 2006; Summerfelt and Penne, 2007; Sindilariu et al., 2009) , constructed wetlands (Summerfelt et al., 1999; Comeau et al., 2001) , inclined belt filters (Ebeling et al., 2006) , and geotextile bag filters (Sharrer et al., 2009 ) have all been used to capture and dewater biosolids within the backwash/flushing flow (Summerfelt and Vinci, 2008) . However, this treated effluent may still not be suitable for reuse or discharge, because of the relatively high concentration of total suspended solids (TSS), carbonaceous biochemical oxygen demand (cBOD), and inorganic nitrogen remaining after dewatering (Sharrer et al., In Review; Sindilariu et al., 2009) . Another option is to use a membrane biological reactor (MBR), which has been shown to treat the WRAS backwash/flushing flow to sufficiently low concentrations of TSS and cBOD (both <1 mg/L) and inorganic nitrogen (<2 mg/L) to allow for subsequent reuse of this water and the alkalinity, salts, and heat it contains (Sharrer et al., 2007) .
A membrane biological reactor (MBR) is a highly scalable, onsite wastewater treatment system that combines biological removal of nitrogen, phosphorus, and carbonaceous biological oxygen demand (cBOD 5 ) applying the activated sludge process with membranes submerged in the wastewater capable of filtering solids from the sludge resulting in a particulate-free and reusable permeate (Gunder, 2001 ; Van der Bruggen et al., 2003) . Activated sludge recirculated through aerobic and anaerobic reactors provides an environment suitable for nitrification and denitrification by microorganisms with associated consumption of soluble cBOD 5 (as a carbon source) by denitrifiers (EPA, 1993a) . Enhanced biological phosphorus (P) removal (EBPR) is also realized as phosphorus accumulating organisms (PAO's) release P under anaerobic conditions and then perform 'luxury uptake' of P under vigorously aerated conditions (EPA, 1993a) . Effective physical screening of bacteria and solids by the membranes allows for retention of biologically captured P as well TSS and particulate cBOD 5 . Further, adsorption of heavy metals by microorganisms in the activated sludge (Kodukula et al., 1995; Brown and Lester, 1982) lessens the potential for metal toxicity in processed water intended for reuse.
MBR's have been successfully operated in niche and industrial applications with inlet water quality characteristics atypical of those processed in publically owned treatment works (POTW's), 0960 -8524/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.biortech.2010.01.067 including high strength industrial wastewaters from automotive manufacturing (Kim et al., 2006; Roberts et al., 2000) , winery and tannery operations (Artiga et al., 2005; Munz et al., 2008) , food processing facilities (Nakhla et al., 2006) , pig and dairy farming operations (Kornboonraksra et al., 2009; Arros-Alileche et al., 2008; Bae et al., 2003; Castillo et al., 2007) , and pharmaceutical manufacturers (Guarini, 2002) . Typical water quality characteristics of wastewater processed by a POTW include values such as 230 mg/L TSS, 210 mg/L cBOD 5 , 40 mg/L total nitrogen, and 6 mg/ L total phosphorus (Qasim, 1999) . Water quality characteristics from wastewater backwashed/flushed from WRAS used to culture rainbow trout (Oncorhynchuss mykiss) at the Conservation Fund Freshwater Institute include values such as 1688 mg/L TSS, 1085 mg/L cBOD 5 , 68 mg/L total nitrogen (TN), and 57 mg/L total phosphorus (Sharrer et al., 2007) . The MBR denitrification process did not require an external carbon source to achieve these low TN concentrations, but relied entirely on the endogenous carbon source found in the backwashed biosolids to supply the heterotrophic bacteria responsible for denitrification. Fixed film nitrification reactors in WRAS applications minimize total ammonia nitrogen (TAN) concentrations by converting TAN into nitrate-nitrogen, resulting in biosolids discharge low in TAN and high in nitratenitrogen. Further, many commercial WRAS are operated at lower flushing rates than those typically used to culture rainbow trout or salmon. Thus, the biosolids discharge from WRAS that use low water flushing rates could contain nitrate-nitrogen and orthophosphate (as P) concentrations that are 100 mg/L and 3 mg/L, respectively, greater than the concentrations tested by Sharrer et al. (2007) . Thus, the primary objective of this research was to determine the capacity for an MBR to process WRAS backwash/ flushing flows that contain either normal or artificially elevated nutrient levels, i.e., with an additional 100 mg/L of nitrate-nitrogen and 3 mg/L of dissolved phosphorus, while relying only on the endogenous carbon supply. A secondary objective was to determine the concentrations of heavy metals that accumulate in the activated sludge and that pass through the membrane in the treated permeate flow. These heavy metals could arise from vitamin/ mineral supplements in the fish feed or corrosion of metal pipe fittings and other components of WRAS or MBR equipment. The metals concentration in treated permeate flow would have implications on whether this flow could be reused for fish culture, whereas, the metals concentration in the waste activated sludge would have implications on land application or other alternate uses of the biosolids.
Methods

Wastewater source
The experiment assessing MBR capacity to process high and low nutrient content wastewater was conducted at the Conservation Fund Freshwater Institute located in Shepherdstown, WV utilizing waste generated from rainbow trout production using a partial-reuse (Summerfelt et al., 2004 ) and a fully recirculating fish culture system (Davidson and Summerfelt, 2005) . Biosolids were also captured from a series of six pilot-scale fully recirculating fish culture systems managed for the production of rainbow trout (Davidson et al., 2009) . Wastewater discharged from microscreen drum filter backwash and radial settler underflow were collected (as produced) in a common sump for equalization. When the equalization tank reached a specified depth a float switch activated a submersible pump to direct wastewater flow to the MBR. Excess wastewater not processed by the MBR was directed either to an inclined belt filter or an off-line settling basin for solids dewatering.
Chemical amendment
MBR performance under low nutrient loading conditions utilized unaltered waste collected in the partial-reuse and fully recirculating fish culture systems (control condition). Performance assessment under high nutrient loading conditions used the same wastewater source amended with elevated concentrations of nitrogen and phosphorus (test condition). Based upon the estimated 6800 L/day (1800 gal/day) of wastewater processed through the MBR, a reservoir of dissolved nitrogen and phosphorus was continuously pumped into the mixed liquor solution using Masterflex Economy Model digital drive peristaltic pump (Cole Parmer Instrument Co., Vernon Hills, IL) to consistently increase the nitratenitrogen and dissolved phosphorus (added as PO 4 ) concentrations by 100 mg/L and 3 mg/L, respectively. Supplementary nutrient solution was generated each day by dissolving stoichiometric proportions of industrial grade sodium nitrate (SQM North America, Atlanta, GA) and granular anhydrous monopotassium phosphate (ICL Performance Products LP, St. Louis, MO) in water. Nutrient solution flash mixing was performed utilizing a clamp-on portable mixer (Eastern Mixers, Clinton, CT). Replication of control and test conditions was performed as a function of time by alternating each condition for 21 day periods and sampling for water quality on days 5-21. Each condition was replicated four times.
Membrane biological reactor
The MBR package plant system (Enviroquip, Austin, TX, USA) ( Fig. 1) design was generally based upon a modified Ludzack-Ettinger single sludge system and consisted of an aerobic and an anaerobic reactor, but with a rack of membrane filters replacing the gravity clarifier unit utilized in the Ludzack-Ettinger design. The aerobic reactor dimensions were 1.5 m (5 ft) diameter Â 3.0 m (10 ft) tall and provided 5050 L (1340 gal) of operating capacity, and contained the submerged membrane unit (Kubota Manufacturing, Japan). The anaerobic reactor, which received inlet flow from the equalization tank, had dimensions measuring 2.6 m (8.5 ft) diameter Â 2.4 m (8 ft) tall, and provided 6760 L (1790 gal) of operating capacity.
The rack of fifty submerged flat-panel membranes (Kubota Manufacturing, Japan), capable of extracting 22.6 m 3 /day (6000 gal/day) permeate from the mixed liquor, provided a total surface area of 40 m 2 . According to the manufacturer, the membrane filter 0.4 lm nominal pore size becomes reduced to approximately 0.04 lm as biofilm accumulates on the membrane surface.
Filtered permeate was extracted through the membranes utilizing a Webtrol centrifugal pump (Weber Industries, St. Louis, MO), and a Goulds (Seneca Falls, NY) 1/3 hp pump provided activated sludge recycle flow from the anaerobic tank to the aerobic tank. Gravity flow of the sludge back to the anaerobic reactor completed the recirculating loop. In order to maintain air scouring of membrane surfaces, continuous aeration was provided at a minimum rate of 5.5 m 3 /min using a five horsepower Model-11 Dresser Roots blower. Dissolved oxygen concentration was measured with a Danfoss Evita Oxy dissolved oxygen (DO) meter (Loveland, CO). Proportional integral derivative (PID) control of blower speed was provided by an Allen Bradley SLC 500 programmable controller (Milwaukee, WI), which maintained an aeration rate to provide a DO concentration of approximately 2.0 mg/L.
Water quality sampling
Water samples were taken from four sampling points in the MBR system and assessed for a series of parameters (Table 1) . Inlet water quality was assessed by sampling from a port just prior to wastewater entry into the MBR. Aerobic reactor water quality was evaluated from a sampling port attached to the overflow pipe connecting aerobic and anaerobic reactors. Anaerobic reactor samples were pumped directly from the vessel using a peristaltic pump. MBR permeate water samples were taken from a sampling port just subsequent from the outlet side of the permeate pump.
Samples assessed for dissolved inorganic nitrogen constituents (total ammonia nitrogen, nitrite, and nitrate) were collected from the inlet and permeate sampling ports and filtered through a 25 lm filter to remove suspended solids. Similarly, because of the high solids content of the activated sludge, dissolved nitrogen constituents were collected from the aerobic and anaerobic sites using a Masterflex E/S Portable Sampler (Cole Parmer, Vernon Hills, Illinois) to pump sample water through a 0.4 lm filter. Samples assessed for dissolved reactive phosphorus from the inlet and permeate locations were filtered through a 0.45 lm filter prior to analysis. Dissolved reactive phosphorus and dissolved cBOD 5 samples collected from the aerobic and anaerobic activated sludge were pumped through a 0.4 lm filter using the portable pump described above. Under test conditions (elevated nitrogen and phosphorus loading) inlet total nitrogen, nitrate, total phosphorus, and dissolved reactive phosphorus were calculated as the sum of measured endogenous nitrogen and supplementary nitrogen added into the MBR system via chemical amendment.
Permeate samples were also collected and analyzed at Cornell Nutrient Analysis Laboratory (Ithaca, NY) to evaluate dissolved metals concentration using EPA Method 3015 with units reported in mg/L. Gravity thickened sludge and activated sludge samples were collected and analyzed by Cornell Nutrient Analysis Laboratory for metals concentration using EPA Method 3052 with units reported in mg/kg. Activated sludge proximate analysis was performed by Barrow-Agee Labs (Memphis, TN) under high nutrient conditions to assess for protein, fat, fiber, and ash content.
Hydraulic retention time (HRT) was calculated according to Metcalf and Eddy (1991) as follows:
where: h = hydraulic retention time (hours) V t = total volume of the MBR Q = influent flow rate. Solids retention time (SRT) was calculated according to Metcalf and Eddy (1991) as follows: 
Data analysis
Data were collected and assessed for removal efficiency of key water quality parameters. Means and standard errors were calculated from data collected from all sampling sites. Removal efficiencies were calculated based upon mean influent and permeate constituent concentration (i.e., ((influent À permeate)/influent) Â Fig. 1 . Schematic of the membrane biological rector system indicates reactor orientation, membrane rack placement, and mixer, blower, and pump locations. each data set to determine if the data were normally distributed. Statistical differences for normally distributed data sets were determined using a two-sample t-test and data sets that were not normally distributed were assessed for statistical difference using a non-parametric Mann-Whitney test. All statistical analyses were performed using SYSTAT 11 (2004) software.
Results and discussion
The pilot-scale MBR processed approximately 7100 L/d of recirculating aquaculture system backwash, and activated sludge wasting was performed at a rate of 460 L/d. The resulting wastewater recovery rate was approximately 93.5% (Fig. 2) , indicating little loss of reclaimable backwash due to activated sludge solids wasting and disposal, i.e., approximately 6.5% of flow. Calculation of HRT (Eq. (1)) indicated the MBR system operated at a HRT of 41 h. Estimation of SRT (Eq. (2)) indicated the MBR system operated at an SRT of 27.4 days over the course of the experiment.
Water quality -ORP, DO, temperature, alkalinity, and pH
Examinations of results indicate general water quality characteristics (Table 2) for control and test conditions were similar. The ORP, DO, and temperature in the anaerobic reactor were À382 ± 12 mV, 0.1 ± 0.0 mg/L, and 17.9 ± 0.3°C , respectively, under the control condition, and À409 ± 11 mV, 0.2 ± 0.0 mg/L, and 17.3 ± 0.3°C, respectively, under the test condition. The ORP, DO, and temperature in the aerobic reactor were 79 ± 6 mV, 1.5 ± 0.1 mg/L, and 18.1 ± 0.3°C, respectively, under the control condition, and 77 ± 8 mV, 1.8 ± 0.2 mg/L, and 17.8 ± 0.3°C, respectively, under the test condition. However, alkalinity and pH in the reactors appeared to be affected by supplementation of nitrogen and phosphorus. Specifically, alkalinity and pH in the anaerobic reactor were 323 ± 8 mg/L (as CaCO 3 ) and 7.29 ± 0.02, respectively, under the control condition, and 607 ± 26 mg/L (as CaCO 3 ) and 7.57 ± 0.03, respectively, under the test condition. Alkalinity and pH in the aerobic reactor were 317 ± 5 mV and 7.52 ± 0.02, respectively, under the control condition, and 585 ± 17 mg/L (as CaCO 3 ) and 7.73 ± 0.01, respectively, under the test condition. It is likely that exogenous nitrogen (supplemented as NO 3 -N) combined with excess endogenous carbon accelerated the denitrification rate and resulted in increased alkalinity concentration and elevated pH under the test condition. Specifically, for each gram of nitrate-nitrogen that underwent denitrification, approximately 3.7 g of chemical oxygen demand was consumed, 0.45 g of new cell was produced, and 3.57 g of alkalinity was formed (EPA, 1993a) . In a WRAS, alkalinity is consumed during the nitrification process that is used to control the accumulation of ammonia nitrogen. And, alkalinity concentrations can drop rapidly in WRAS that are operated at water reuse rates approaching 100%, i.e., when little or no water is flushed through these fish culture systems. Typically, sodium bicarbonate or sodium hydroxide is added to the water in a WRAS to prevent its alkalinity concentration from dropping below 100 mg/L as calcium carbonate (Loyless and Malone, 1997) . In this experiment, denitrification within the MBR recovered alkalinity that had been destroyed during nitrification within the WRAS; this alkalinity could be reused if the permeate was returned to the WRAS (as discussed below).
TSS, TVS, and cBOD 5 removal
The MBR was highly effective at solids (TSS, TVS, and cBOD 5 ) removal under both control and test conditions (Table 3) . TSS concentrations in the wastewater entering the MBR contained 2235 ± 346 mg/L and 1827 ± 272 mg/L during the control and test conditions, respectively. However, permeate TSS concentrations were 0.7 mg/L under control conditions and 0.3 mg/L under test conditions. A Mann-Whitney test performed on mean permeate concentrations indicate no statistical difference (p = 0.30, a = 0.05) between the two treatments. TSS removal efficiencies under control and test conditions were 99.97% and 99.98%, respectively. Further, TVS removal was 99.99% under both conditions applied. Because solids removal occurs as a result of a physical exclusion process across the membranes, nitrogen and phosphorus supplementation under test conditions had no apparent effect on solids removal. Wastewater entering the MBR contained 658 ± 98 mg/L and 1073 ± 182 mg/L of cBOD 5 during the control and test conditions, respectively. However, cBOD 5 removal was complete (100%) under control and test conditions, i.e., permeate concentrations were always 0.0 mg/L (Table 3) . As was the case in solids removal, physical screening of particulate cBOD 5 was likely. According to Sedlak (1991) , fermentation reactions facilitated by facultative anaerobes utilizing inlet soluble BOD generate acetate (and other fermentation products) that are then assimilated as a carbon source by microorganisms in the activated sludge. For the first 30 days, solids concentration in the MBR system gradually increased until a relatively stable TSS concentration was maintained by regular activated sludge wasting events (Fig. 3) . Similar activated sludge TSS concentrations (mixed liquor suspended solids) were maintained under both conditions resulting in anaerobic reactor TSS under control and test conditions of 16769 ± 468 and 16988 ± 767, respectively, and aerobic TSS of 18782 ± 556 and 20907 ± 682, respectively (Table 3) . Commonly reported mixed liquor suspended solids concentrations are in the range of 10,000 and 20,000 mg/L (Stephenson et al., 2000) . As a result, comparisons of activated sludge performance based upon similar microorganism concentration were conducted. Examination of the ratio between TSS and TVS indicated that approximately 73% of the solids in the MBR activated sludge were organic matter and the remaining 27% were fixed solids, indicating a relatively low proportion of organic matter. Müeller et al. (1995) reported that MLSS found within a stable MBR contained approximately 23.5% fixed solids, which is only slightly lower than was measured in the present study. In addition, Wang et al. (2010) reported in research comparing presence of polyphosphorus accumulating organisms (PAO's) and glycogen accumulating organisms (GAO's) in an activated sludge process applying different carbon sources that propionate used as a carbon source resulted in sludge with 69% organic matter (31% fixed matter) and glucose used as a carbon source resulted in a sludge with 88% organic matter (12% fixed matter). These findings suggest that the available carbon substrate can determine organic matter content as well as PAO:GAO ratio.
Nitrogen removal
Nitrogen removal capacity of the MBR was highly effective under control and test conditions (Table 4) . Wastewater entering the MBR contained 86 ± 10 mg/L and 185 mg/L of TN during the control and test conditions, respectively. However, permeate TN concentrations for control and test conditions were 1.8 ± 0.5 mg/L and 2.1 ± 1.4, respectively. A Mann-Whitney test indicated no statistical difference (p = 0.27, a = 0.05) in mean permeate TN concentrations. Removal efficiencies of TN across the MBR were 97.9 % under control conditions and 97.5% under test conditions (Table  4 ). The physical exclusion of organic nitrogen across the membranes was evidenced by TN concentration of 1112 ± 44 mg/L and 1168 ± 57 mg/L within the aerobic activated sludge, respectively, in the control and test conditions. Nitrification and denitrification mechanisms in the activated sludge process effectively reduced inorganic nitrogen using only the endogenous carbon supplied in the backwash flow, i.e., no external carbon source was required. Aerobic reactor dissolved oxygen concentrations were adequate for complete nitrification under both conditions tested as intrinsic growth rate of nitrifying bacteria are not limited at dissolved oxygen concentrations above 1.0 mg/L (EPA, 1993a). Permeate TAN concentrations were 0.4 ± 0.3 mg/L and 1.3 ± 0.6 for the control and test conditions, respectively; resulting TAN removal efficiencies were 81.0% and 60.6%, respectively. Indication of a reduction in nitrification rate is possible at the test condition. However, a Mann-Whitney analysis of permeate TAN concentrations indicated no statistical difference (p = 0.13, a = 0.05) between control and test conditions. As a further indication of complete nitrification, permeate nitrite concentrations were 0.03 ± 0.02 under control conditions and 0.04 ± 0.02 under test conditions resulting in removal efficiencies of 92.7% and 92.5% at control and test conditions, respectively. A mild reduction in nitrate nitrogen removal efficiency was observed under the test condition (88%) as compared to the control condition (98%). Permeate nitrate-nitrogen concentrations were 0.1 ± 0.0 and 0.6 ± 0.3 mg/L under control and test conditions, respectively. A Mann-Whitney test indicated a mild statistical difference (p = 0.05, a = 0.05) between the treatments. However, permeate nitrate-nitrogen concentrations were quite low under both conditions, indicating little practical difference in nitrogen removal. The low nitrate-nitrogen concentrations observed in the permeate was likely dependent on sufficient carbon to drive the denitrification process. According to Environmental Protection Agency's (EPA) Nitrogen Control Manual (EPA, 1993a), a BOD:TKN ratio > 5 favors denitrification. In this study, BOD:TKN (calculated) was 8 under control conditions and 14 under test conditions indicating a favorable environment for denitrification. 
Phosphorus removal
The MBR also performed quite well in terms of phosphorus removal under control and test conditions (Table 5) . Inlet concentrations of TP averaged 50 ± 8 and 55 mg/L, respectively, during the control and test conditions. Permeate total phosphorus concentrations were 0.05 ± 0.01 and 0.10 ± 0.03 for control and test conditions, respectively, resulting in a marginal statistical difference (p = 0.05, a = 0.05) between the two treatments. Biological phosphorus removal and exclusion of particulate phosphorus by the membranes resulted in total phosphorus removal efficiencies of 99.9% and 99.8% under control and test conditions, respectively. Mildly elevated levels of permeate phosphorus concentrations were observed under test conditions. However, from a practical standpoint, permeate phosphorus concentrations at both conditions were quite low and the MBR performed exceptionally well throughout the study.
Enhanced biological phosphorus removal (EBPR) by denitrifying bacteria was apparent under both conditions. Available soluble BOD as an endogenous carbon source for phosphorus removing organisms did not appear to be a limiting factor under either condition assessed. A recommended BOD:TP ratio to achieve an effluent soluble phosphorus concentration of <1.0 mg/L is 20-25:1 (EPA, 1993b). The BOD:TP ratios observed in this experiment were 13 under control and 20 under test conditions. Indication of the EBPR mechanism was evident in terms of DRP concentrations observed in the anaerobic and aerobic reactors. Microorganisms appeared to release phosphorus in the anaerobic zone of the MBR resulting in concentrations of 0.46 ± 0.05 and 0.63 ± 0.16 mg/L under control and test conditions. Although phosphorus concentrations in the anaerobic reactor were similar under both conditions, the resulting higher P concentration under test conditions is likely explained by the higher availability of carbon substrate at that condition (EPA, 1993b) . Subsequent concentrations of DRP in the aerobic zone were reduced to 0.13 ± 0.02 and 0.23 ± 0.04 mg/L, respectively, as luxury uptake of phosphorus by microorganisms occurred.
Heavy metals removal
Specific metals (e.g., copper and zinc) are incorporated in the vitamin/mineral supplements in the fish feed or could enter the wastewater due to corrosion of metal pipe fittings and other components of WRAS or MBR equipment. Permeate samples collected for heavy metals analyses indicate that the activated sludge process provided some metals biosorption (Table 6 ). Factors such as pH, temperature, and TSS concentration affect capacity for sorption of metals by activated sludge (Kodukula et al., 1995) . Further, as sludge age decreases below 9 days, the capacity for the activated sludge to adsorb metals greatly increases (Brown and Lester, 1982) . Results from this study (Table 6 ) comparing heavy metals concentration from MBR permeate relative to WRAS water operated at high and low exchange rates (Davidson et al., 2009) indicate that aquaculture wastewater processed by the MBR activated sludge can achieve relatively low concentrations for most of the concerned metals. In addition, the metals concentration in treated permeate flow were well within recommended limits for fish culture and were comparable to the spring water supply to the fish culture systems (Table 6 ). Thus, it is likely that the reclaimed permeate flow could be reused for fish culture.
Activated sludge reuse applications
As the mixed liquor suspended solids (MLSS) concentration in the MBR reached a maximum value, the variable speed blower (3.8 Kw at maximum output) could no longer maintain the dissolved oxygen concentration in the aerobic tank above approximately 1.5 mg/L, and removal of MLSS from the anaerobic reactor (wasting) was necessary. MLSS in the system was typically easy to manage with twice-weekly pumping events to maintain an optimum MLSS concentration. Wasted sludge, which has a typical concentration of 1.6-1.7% TSS (Table 3) , can then be either land applied, composted, or removed by a contract hauling service. Concentrations of every metal detected (i.e., Al, Mn, Fe, Cu, Ni, Co, Cd, Mg, Cr, An, Sr, Li, Ba) were greater or approximately the same in the MBR waste activated sludge than in the untreated fish manure collected by gravity thickening sedimentation (Table 7) . These results suggest that the activated sludge process retains the metals while Table 5 Indicates total P, and dissolved reactive P concentrations (mean ± se) from the inlet, anaerobic, aerobic, and permeate sampling sites and removal efficiencies under control and test conditions. 
Table 6
Mean dissolved metal and nutrient concentrations (mean ± se) in a recirculating aquaculture system operated at high and low water exchange, as well as the spring water supply to these systems, compared to MBR permeate and limits recommended for fish culture (table adapted from (Be, Ti, V, Cr, Fe, Ni, Pb, Mo, B, Li < detection limit). NA = Not available. a (Heinen, 1996; EPA 1996 EPA , 2002 EPA , 2007 . b Instrument detection limit.
mineralizing biosolids and destroying organic carbon. The metals concentrations in the waste activated sludge and gravity thickened sludge were lower than the EPA (EPA, 1994) and European Union (Ross 1994 ) limits for land application of biosolids. However, state regulatory agencies may apply more stringent criteria regarding heavy metals concentrations in land applied biosolids (Table 7) , which could be a problem for waste activated sludge but not the gravity thickened sludge. Other potential reuse opportunities exist for the proteins captured by the microorganisms in the activated sludge (Kuhn et al. 2008; Schneider et al., 2007a Schneider et al., ,b, 2006 . Shrimp culture can incorporate supplemental feeding with microbial flocs generated in situ. The potential to generate these microbial flocs external to the shrimp culture system utilizing the wasted activated sludge as a protein source is evident. Proximate analysis (Table 8) indicated the waste activated sludge contains 25.2 ± 2.9% protein on a dryweight basis. This is about half of the protein content of activated sludge generated in a sequencing batch reactor with low sludge age (Kuhn et al., 2008) . Additional consideration should be given to the concentrations of metals found in the waste activated sludge (Table 7) . Thus, additional research is required to determine if this waste activated sludge is suitable for use as a feed additive.
Resource reclamation
A MBR appears to be a cost effective option to reclaim water, salt, and alkalinity. For example, a MBR system designed to treat wastewater from a commercial scale aquaculture facility (approximately 450 mtonnes/year) would have to treat approximately 260 m 3 /day of backwash flow for reclamation, assuming a total recirculating water flow of 87,000 m 3 /day and a 0.3% backwash flow. Sharrer et al. (2007) report that a turnkey MBR system sized to reclaim this flow would cost approximately $470,000, not including cost of enclosing the system. Indeed, this is a significant capital investment, potentially 10-20% of the total capital for this farm. Annual operating cost (at $0.08/kWh) was estimated at US $20,000. However, without the recovery of bicarbonate within the MBR, this same 450 mtonnes/year fish farm would consume approximately 100,000 kg of bicarbonate at an annual cost of over US $50,000.
The MBR will also recover the salt and water discharged from WRAS solids collection units. Sharrer et al. (2007) found that MBR performance was exceptional under saline conditions (8-32 ppt salinity), provided that the activated sludge was given a sufficient acclimation period to increased salinity, resulting in a particulate-free reusable permeate. Applying the same example of the commercial-scale fish culture facility described above operated for the production of salt-water fish, approximately 260 m 3 /day of saltwater is required to replace the volume lost during drum filter backwash events. Without the use of a wastewater recovery and reuse mechanism, such as an MBR system, a commercial-scale culture system with a synthetic saltwater would have to spend a significant cost associated with sodium chloride (from US $60,000 to US $420,000), depending upon the operating salinity ( Table 9) . As a result, use of an MBR to reclaim backwash flow could represent a significant cost savings measure and allow closed-containment fish production system to locate where power, feed, or oxygen is relatively inexpensive and/or adjacent to their primary markets. Additionally, an MBR used to reclaim backwash flow could significantly reduce a fish farm's potential for environment impact and recover valuable resources. First, it can limit water replacement to just more than evaporative losses and eliminating all point source discharge from the farm, i.e., only thickened and stabilized biosolids would have to be disposed. An MBR used to treat or reclaim backwash wastewater will also reduce carbon footprint, compared to lagoon stabilization, by using controlled aerobic and anoxic zones to reduce nitrous oxide and methane production. Table 7 Mean metals (mg/kg) and percent (%) solids concentration of gravity thickened biosolids and waste activated sludge removed from the MBR ( * Minimum reporting limit).
Parameter Activated sludge (mean ± SE) Gravity thickened sludge (mean ± SE) Naylor et al. (1999) Use of the MBR to reclaim backwash flow will also reduce carbon footprint that would have been required to supply alkalinity, water, and heat. In addition, the waste mixed liquor suspended solids that must be periodically removed from the MBR also contain over 99% of the phosphorus discharged from the system (i.e., the phosphorus supplied in the fish feed that was not incorporated into the fish). Phosphorus is a limited natural resource that should be recovered, because, according to Bufe (2009) , the earth's readily available phosphorus mineral deposits could be mined out within this century. The MBR technology captures this phosphorus so that it can be further used in terrestrial agriculture, e.g., it can be applied as a soil amendment (when salinity levels are not elevated) or incorporated into a compost in systems.
Conclusion
A MBR appears able to process high strength wastewater backwashed from a WRAS sufficiently for its reuse. Although MBR technology involves high fixed and variable costs, the capacity to treat and reuse WRAS wastewater can be beneficial especially as an alternative to local POTW treatment or if reuse of costly saline water in a land-based WRAS is desired. Further, locating an MBR treatment plant adjacent to the fish culture facility allows for effective water reuse under biosecure conditions. Finally, an MBR can reclaim backwash flows and recover valuable resources while significantly reducing a fish farm's potential for environment impact. 
